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CONTENTS
We have built a system capable of measuring solar-cell V-I characteristics with high accuracy and resolution. The need for such de;ailed measurements has become increasingly apparent in recent experimental studies. For example, Waddel's experiment on ATS-1 and, more recently, our results from an experiment aboard Lincoln Laboratory satellite LES-6 (Kef. 2) have shown that short-circuit current measurements do not adequately depict solar-cell degradation in space. In each of these cases, a number of points were taken on the V-I curve of each solar cell under test; degradations observed at maximum power varied substantially from those observed at short-circuit current.
The particular system described in this report was designed to measure characteristics of solar cells in a Lincoln Laboratory experiment carried aboard a high-altitude balloon flight conducted by Jet Propulsion Laboratory (JPL). This system is capable of measuring 64 cells; the cell being measured is selected entirely by semiconductor techniques Accuracy of the voltage and current measurements is 0.2 mV and 0.16 mA, respectively. Data are digitized and serialized by the system, and telemetered to a ground station. After reconversion to a parallel digital format, the data are recorded by a paper printer and also recorded on an incremental tape recorder for later computer processing.
II. BACKGROUND
A solar-cell calibration and degradation experiment was carried aboard LES-6 which was injected into synchronous orbit on 26 September 1968. A detailed description of the experiment, which consisted of 30 experimental cells, has beer, published.
The solar cells for the flight experiment, plus a duplicate backup set, were calibrated in sunlight at Kitt Peak Observatory in Arizona at an altitude of ~6000 feet above sea level. Trradiance levels during the calibration tests were ~122 mW/cm , and a plot of these levels during a typical day is shown in Fig. 1 .
The calibration values of short-circuit current I were extrapolated to air mass zero (AMO) on the basis of the standard cell which had been employed as a calibration standard. Table I We suspected that the few-percent discrepancy in the silicon cell values arose from the calibration standard cell used. This was a tertiary standard, and transfer errors plus possible spectral differences between it and the original cell could easily account for the differences observed. Through JPL, we were offered an opportunity to fly the backup panel on one of their I960 solar-cell calibration balloon flights at 120,000 feet. Since their instrumentation measured only short-circuit current and did not have sufficient sampling channels for our cells plus those JPL wished to calibrate, we decided to build a system which would measure the V-I characteristics and telemeter the data in a digital fashion to the ground over an unused subcarrier in the JPL telemetry link. We also decided to make the system sufficiently accurate and versatile so that we could use it for prototype studies for the solar-cell experiment contemplated for our next satellite, as well as for other possible future experiments.
III. SYSTEM SPECIFICATION
The following paragraphs describe the system characteristics.
Number of Cells:-The experiment can handle any number of samples up to 64. By means of sv/itches, the system can be made to reset to cell 1 after any given cell has been scanned; consequently, unoccupied sample inputs need not be scanned, provided they are all grouped at the end of the 64-sample sequence.
Voltage Scan:-252 voltage steps starting from zero volts are applied to the sample. The step increment can be set to either 2. 5 or 3.125 mV. Accuracy of the voltage applied to the cell is about 0.2 mV over the entire range, and over a temperature range of-25° to +75°C.
Current Measurement:-Cell currents can be measured up to 163mA, with a measurement quantization of 0.16mA. The current-measurement range can t" scaled by changing one resistor in the system. Measurement accuracy is such that the quantization error is the only accuracy limit which need be considered over the temperature range of-25 s to +75°C.
Data Format:-The serial data stream is divided into frames as shown in Fig. 3 . Each frame begins with an 8-bit frame identification (ident) which is either a specific 8-bit sequence JT its complement. The frame ident is followed by the ident of the cell being rr -asured, the ident of the step of the measurement sequence, and, finally, the output of the analog-to-digital converter (A/lJ) for tnat particular measurement. The measurement sequence for a cell is comprised of 256 steps; the first 252 are voltage steps applied to the cell, and the A/lJ reading represents the current at those steps. During the last four steps, thermistor circuits behind the solar cells are measured by the A/l).
Operating Speed:-The system operates at about ten measurements per second, so a given solar-cell V-I characteristic is measured in about 26 seconds.
Telemetry Link:-The digital output of the system is inserted on an 18.1-kHz output with a biphase modulation technique in which the phase i f the 18.1-kHz signal undergoes a 180° phase reversal each time a data zero occurs. The 18.1-kIIz signal is then modulated as a subcarrier on a 230-MHz telemetry down-link.
Data Presentation:-Received data are demodulated with a phase-locked loop system and reconverted to a parallel format. The data are recorded on a Kennedy incremental tape recorder for later computer processing, and also on a paper-tape printer for experimental monitoring. A Nixie display is also provided for quick monitoring and troubleshooting.
Weight and Power:-No particular efforts were made to minimize weight and power. The flight portion of the system weighed about 31b and consumed about 5W from the 26-V bus supplied by the JPL system. These weight and powe* -numbers included the weight and efficiency of the power converter which we built for the experiment.
IV. BASIC V-I MEASUREMENT TECHNIQUE
The basic technique for measuring the cell's V-I characteristic is illustrated in Fig Obviously, only one bipolar transistor and one FET are fundamentally necessary to accomplish the cell selection. The double-device realization shown in Fig. 5 , however, allows a matrix design of the selection circuits, greatly reducing the decoding necessary to select cells.
It is worth noting that a remote-sense capability can be realized by employing a two-wire system on each end of the solar cell.
V. SOLAR-CELL SELECTION MATRIX
The complete solar-cell selection matrix is shown in Fig. 6 . To simplify the drivers for In Fig. 4 , all solar-cell cathodes are connected to the virtual ground at the negative input of OAZ. Since the only external current pulled from any cell is that of the selected cell, the current through R is the current of the selected cell. ° c Thus, by providing an analog voltage input V and digital inputs to the I)/D's, an analog output voltage R ,1 is produced, where R is a constant, and I is the cell current at voltage V" c of the particular selected cell.
As described above, MOSFET's are used as the main switch in the feedback path due to the simplicity of the required drive circuitry. If the system were to be redesigned for an environment precluding the use of MOS devices, a matrix of junction FET's could be constructed, with a slight increase in the complexity of the drive circuits.
*_ --VI. SYSTEM BLOCK DIAGRAM I is^ur-e 7 is a block diagram of the Halloon-Might Solar-Cell-Calibration Experiment. An 18. i-l.il/, Wien-Hridge oscillator provides the timing signals for the equipment and also serves as the source of a high-spectral-purity sine wave that is biphase modulated and injected directly Into the down-link transmitter as a telemetry subcarrier. The biphase modulation scheme was chosen because of its narrow bandwidth and the relatively simple way to demodulate In Fig. 7 , the oscillator sine wave is converted to TTL logic levels and drives the Hit Counter, which divides the lH.I-kllz frequency by a factor of 64. The time for one complete cycle of the Hit Counter constitutes one output data bit. The Hit Counter advances the Frame Counter which drives the Digital Multiplexer which, in turn, presents the next data bit to the Hiphase .vlodulator. If the data bit is a logical ZERO, the Hiphase Modulator changes the phase of the output carrier by 180°; if the data bit is a logical ONF, no phase reversal occurs. Thus, a phase reversal can occur every 64 cycles of the oscillator output.
After modulation, the subcarrier proceeds through a passive voltage limiter to prevent excessive voltages from being injected into the Telemetry Link subcarrier mixer. A passive low-Q output, filter suppresses signals outside the assigned pass band. The filter output is transfcrmercoupled to avoid DC ground loops. The signal finally goes through a passive gain control (potentiometer) to allow amplitude adjustment. All components after the Hiphase Modulator are passive to prevent excessive or out-of-band signals from entering the .IPL telemetry link even if a catastrophic failure occurs in the Lincoln instrumentation.
The Frame Counter controls, by means of the Digital Multiplexer, (he 32-bit telemetry frame which consists of an 8-bit frame-iden* word, a 6-bit solar-cell word, an 8-bit solar-cell-voltage word, and a 10-bit solar-cell-current word. The frame-ident word allows frame synchronization of tin-data stream after ground-station demodulation. The particular frame-ident code was chosen to minimize the probability that the same sequence would appear anywhere else in the data stream. The frame-ident code in all even-numbered frames is the logical complement of the idem.
code in all odd-numbered frames. All data woras are transmitted Most-Significant-Hit first. The A/D is a dual-slope design accurate to better than 0,05 percent; conversion time is 35msec. The input-integration time is 16.7 msec, which greatly reduces the effects of 60-Hz pickup and facilitates ground testing of the system.
VII. POWER CONVERTER
The power converter shown in Fig. 1 is a high-efficiency DC'/DC converter that incorporates a transformer flyback technique. The converter accepts all input voltage from 12 to 35 V and delivers H5, -15, +5, and -3 V from a multiple-tapped transformer. The +5-V output is regulated to better than 0.1 percent for all output-load and input-voltage variations. A total of 4.2 W is delivered at an overall efficiency of 85 percent.
The complete system employs regular-power commercial-grade TTL for logic elements.
All operational amplifies are either LM201 or LM201A (commercial grade). No attempt was made to minimize power consumption. Taking the 85-percent efficiency of the power converter into account, the complete system consumes 5 W.
Vni. TEMPERATURE EFFECTS
Although all components in the package were commercial grade (0° to 70 °C), satisfactory operation was observed over a -50° to +75"C temperature range. Both the A/D and D/A have a maximum variation of 0.05 percent over a -25" to +75°C temperature range. The power converter has a linear variation of 0.015 percent over a -20° to +60°C range.
IX. GROUND STATION
After receiving the demodulated carrier from the telemetry receiver, the ground station (Fig. 8 ) first filters the signal to obtain the desired subcarrier and then converts to TTL levels with a hard limiter. The signal is then passed to a phase-locked loop (PLL) which is described The output of the limiter is mixed with the output of the PLL and passes through a matched filter which optimizes the signal-to-noise ratio. The output of the matched filter is the "rawdata" signal that changes level every time a phase reversal in the subcarrier occurs. Every transition of the raw-data signal resets a 6-bit counter that divides the PLL output by 63. The counter output is a clock signal that is fed to the rest of the ground station. One cycle of the clock corresponds to 1 bit in the original data in the balloon package.
Since the original data were encoded as phase transitions rather than absolute phase, a comparison of the phase of the subcarrier during two successive bit times is necessary to recover the data. This comparison is accomplished by means of a 2-bit shift register and exclusive-OH circuit.
The data and clock signals are buffered for magnetic-tape recording and are also fed to a 40-bit shift register. The first 8 and last 8 bits of the register are fed to a frame synchronizer. If the frame-ident code and its complement appear in these 16 bits, the remaining 24 bits are treated as legitimate data. For random data, the probability of a false frame synchronization 15 is approximately 1 part in 2 , or 1 part in 32,000. Because of constraints on data changes between successive frames and because of the nature of the frame-ident code, the probability of a false frame synchronization is considerably less when data are being received.
The frame synchronizer controls the two Binary /BCD converters that produce the BCDcurrent and BCD-voltage words; these converters have storage capability. The decimal outputs are appropriately scaled to read in millivolts and milliamperes. The cell-ident word is not converted to decimal but is treated as a 2-digit octal word. The frame synchronizer also strobes the 6-bit latch that stores the cell-ident word.
The sync pulse is delayed and fed to a digital printer and an incremental tape recorder as a print/record command. The printer al'ows monitoring of the system during data-taking in addition to a backup data record, while the incremental tape recorder stores raw data in a form suitable for dumping into a computer for data processing.
A Nixie-Tube display was also constructed to allow visual monitoring of the experiment.
X. DATA PROCESSING
Recorded data from the incremental magnetic-tape recorder are fed into an IBM 360/67 for processing. To date, we have only carried the programming to the point of printing out tabulated data as in Fig. 9 , and plotting the data as L.iown in Fig. 10 . It is immediately apparent from the data that quite-accurate values for currents, voltages, and slopes of the V-l characteristic can be obtained with this system. With proper calibration of individual cells, the measurement of open-circuit voltage should allow temperature determination of the cell to within 0.2 °C. Programming will be continued to determine the extent to which reasonable internal modeling parameters for the various cells can be derived from these data.
XI. FLIGHT RESULTS
The balloon instrumentation and launch operations are carried out for JPL by the Applied Science Division of Litton Systems, Inc., at .Minneapolis. Our instrumentation was delivered to them on 2 September 1969, and because of the excellent advance cooperation of JPL and Litton personnel, integration with the JPL sun tracking and telemetry systems was quite easy (electrical checkouts were completed in less than 3 hours, and mechanical details completed in a day-and-a-half). where it remained until 3:00 p.m., at which time descent was initiated. The experiment was recovered undamaged when the balloon landed at 7:30 p.m. in the middle of the airfield at Durand, Wisconsin, about 70 miles from the launch site.
At an altitude of 60,000 feet on the ascent, the control circuits of the JPL sun tracker were turned on. From that time until the balloon descended to 55,000 feet, the cells were maintained within 1° of normal incidence to the incident sunlight.
Because of lack of adequate heat sinking, the temperature of the Lincoln cells had risen to 60"C by the time the balloon reached its float altitude. This rise continued during float, reaching a maximum of 86 °C prior to descent. However, we believe that temperature data obtained on the ascent, coupled with the high resolution of the A/U, will allow satisfactory extrapolation to lower temperatures for comparison with the LKS-6 post-luunch data.
XII. POTENTIAL INSTRUMENTATION MODIFICATIONS
Two areas which would require modifications of the present instrumentation are (a) use of the system in a space experiment, and (b) use of the system for ground testing of solar arrays.
In space applications, power consumption and reliability are prime considerations. Obviously, low-power circuits should be used throughout such circumstances. The use of Darlington circuits as shov/n in Fig. 11 can significantly reduce the power required by the cell-selection matrix. A recent design for a 32-cell experiment in a near-earth orbit resulted in a power consumption slightly in excess of 1 W (including power converter losses); about half this power resulted from the cell short-circuit current which must be drawn from voltages supplied by the power' converter. by dividing the matrix into submatrices, each with its own set of operational arnpiifiers. An example of a subdivision of four is shown in Fig. 13 where the two most-significant bits of the cell counter select the operational amplifier to be read out by the A/l> the remaining bits drive the submatrices in parallel. Although not illustrated in the figure, power drain can be kept down by turning off the OAE's which are not being read out.
It may be desirable to increase the rate of measurements for some ground or space applications. For measurements on single cells, the LES-6 system is the fastest we have accomplished to date. In this system, a given voltage is switched across 16 different cells in succession; this is far worse than switching voltage across a single cell. However, the LKS-6 circuit settles out in l60|isec; foi switching voltages on a single cell, the settling time shouW be substantially less. Successive approximation A/D's can accomplish 12-bit conversions in less than 100(isec. and 8-bit conversions in the 1-to 5-(isec range (the price paid is power consumption). With these numbers, a conservative rate of data-taking would be every 120usec for a 12-bit system and every 25jisec for an 8-bit system, v/ith an additional 50 to 150fisec required for switching from one cell to the next.
The accuracies of this system, 0.1 percent of full scale for current and 0.2 mV for voltage, represent accuracy limits which are adequate for most applications. Using chopper-stabilized amplifiers with high-accuracy D/A resistive networks and suitable calibration techniques, it would be quite possible to develop a system which could maintain an accuracy (even over several years in orbit) of 0.01 percent of full scale for current and 0.01 mV for the applied voltage. Applications of such systems in orbit might be (a) measuring temperature coefficients with very limited swings in temperature, (b) measuring the effects of differing earth-sun distance throughout the year, (c) measuring the effects of short-term solar varia ion, and (d) determining very slow rates of cell degradation in the space environment.
It is quite possible to scale up the instrumentation to measure solar arrays or portions of solar arrays. Using high-power operational amplifiers and scaling the stepped voltage appropriately would yield a system capable of measuring most solar panels built to date.
XIII. CONCLUSIONS
Instrumentation which basically operates as a specialized incremental x-y plotter has been developed for measuring solar-cell V-l characteristics. The circuit technique was originally flown on LES-6. An improved system capable of taking V-I characteristics with substantial detail and accuracy lias been constructed and recently flown on a high-altitude balloon. Accuracies of this system do not represent attainable limits, but were simply reasonable limits feu "iiis particular application. The techniques described are eminently suited for space applications as well as for many nonspace measurement situations. 
